Highly sinterable La 10 Si 6 O 27 and La 10 Si 5.5 M 0.5 O 27 (M = Mg, and Al) nanopowders with apatite-type structure have been synthesized via a homogeneous precipitation method using diethylamine (DEA) as a precipitant. The synthetic approach using an organic precipitant with dispersant characteristics is advantageous in configuring weakly agglomerated nanopowders, leading to desirable sintering activity. X-ray diffraction powder patterns confirmed the single-phase crystalline lanthanum silicate of hexagonal apatite structure at 800 C, which is a relatively lower calcination temperature compared to conventionally prepared samples. Transmission electron microscopy images revealed particles $30 nm in size with a high degree of crystallinity. A dense grain morphology was recognized from the scanning electron microscopy images of the polished surface of the pellets that were sintered at 1400 and 1500 C for 10 h. This low-temperature sintering is significant because conventional powder processing requires a temperature above 1700
I. INTRODUCTION
Intermediate-temperature solid oxide fuel cells (ITSOFCs), which have operating temperatures ranging from 400 to 700 C, have come to be considered state-of-the-art in the area of power fabrication. This is because of their long-term stability and cost saving potential when produced as large units. [1] [2] [3] Until recently, conventionally used solid electrolytes with high ionic conductivity consisted of fluorite-structured stabilized zirconia, which requires an operating temperature above 900-1000 C. [4] [5] [6] [7] Therefore, serious attention has been paid to finding alternative electrolytes for IT-SOFCs, which has led to the development of fluorite and perovskite structures, such as doped ceria and doped lanthanum gallate, respectively. 3, 4, [8] [9] [10] [11] However, the application of those materials has been limited by the increase in the electronic conductivity, which occurs in doped-ceria-based electrolytes and by the insufficient chemical stability that characterizes doped lanthanum gallate materials. 12 Lanthanum silicate-based compositions that have an apatite-type structure and high electric conductivity have recently attracted significant interest. Initially, Nakayama et al. reported that Ln 10Àx Si 6 O 26þy (Ln = La, Sm, Nd, Dy, Gd, x = 8 to 11) materials with an apatite structure exhibited ionic conductivity. 13, 14 Among the lanthanum silicate apatite solid electrolytes, the composition of La 10 Si 6 O 27 has exhibited high oxygen ionic conductivity of >10 À3 Scm À1 at 500 C, which is comparably higher than that of 8 mol% yttria doped zirconia (YSZ) electrolytes. 13, 15 In addition, it has been reported that these lanthanum silicate materials have high oxygen ion transference numbers (>0.9) over a wide range of oxygen partial pressures. [16] [17] [18] Furthermore, aliovalent doping onto Si sites is effective at enhancing electrical conductivity. 17, 19, 20 The apatite structure consists of isolated tetrahedral SiO 4 units with rare-earth cations located in two cavity sites of the seventh coordinated and the ninth coordinated of the crystal. The remaining oxide ions reside in one-dimensional channels associated through the structure. As a result, high ionic conduction has been reported via an interstitial pathway mechanism, which is in contrast to the oxide ion vacancy mechanism in perovskite and fluorite-type oxide ion conductors. O 27 , in spite of having a very similar lattice structure. 13, 22 Therefore, the development of feasible synthesis methods for obtaining highly sinterable La 10 Si 6 O 27 powders may facilitate the use of lanthanum-silicate-based materials as promising solid electrolytes for IT-SOFCs.
A conventional solid-state reaction was used to prepare the lanthanum silicate electrolytes. This involved prolonged high sintering temperatures that were above 1700
C to obtain full densification and a pure singlephase compound. In this reaction, despite the high sintering temperature, surplus impurity phase formation occurs. This includes the formation of La 9.33 Si 6 O 26 , and La 2 SiO 5 , which tends to greatly retard the electrical conductivity. 17, 19, 23, 24 It has subsequently been recognized that the solution-based synthesis of single-or multioxide powders results in high sintering activities, high surface areas, well-defined chemical compositions, and a homogeneous distribution of the elements. Shanwen Tao et al. 22 and Changan Tian et al. 25 reported the synthesis of La 9.33 Si 6 O 26 and La 10 Si 6 O 27 nanopowders through a sol-gel process. Even after a prolonged heating profile at 1400 C their results showed poor densification, which was below 80% the theoretical.
Therefore, it has become a challenging task for researchers to find a better synthesis process for obtaining nanocrystalline lanthanum silicate electrolyte powders with good sintering activity and high electrical conductivity. According to conventional sintering theory, nanocrystalline powders show higher sinterability compared with coarse powders due to their high driving force for lowering surface free energy, which leads to the enhancement of densification. 26, 27 In addition, weak agglomeration and homogeneous granules of nanopowders have been recognized as crucial factors in producing highly densified pellets. 28, 29 In the literature, it has been reported that nanocrystalline powders synthesized via the alkoxide process in organic solvents normally show higher reactivity and weak agglomeration during the drying stage. This evidently results in better dispersion and high sinterability. 28 Similarly, in this process, most metal nitrate hydrates and some organic precipitants such as diethylamine are dissolved into alcohols. The precipitating anions (OH À ) are then generated by the hydrolysis of precipitant with the molecular water of the metal salts. 29 As a result, a minimum amount of water is involved, similar with the alkoxide method, in which the resultant powders showed better dispersion.
The present work describes a simple and effective procedure for synthesizing single-phase, weakly agglomerated nanopowder with high crystallinity of La 10 Si 6 O 27 and La 10 Si 5.5 M 0.5 O 27 (M = Mg, and Al) electrolytes via a DEA precipitation process. The effect of a sintering temperature range of 1200-1600 C for high densification was investigated. Electrical properties were investigated through impedance analysis as a function of temperature in air and were compared with reports in the literature.
II. EXPERIMENT AND METHODS
The precursor materials used for the synthesis were La(NO 3 A versatile precipitation process was introduced using DEA as a precipitant to prepare the nanocrystalline La 10 Si 6 O 27 powder. In a typical procedure, 3.125 mM La(NO 3 ) 3 Á6H 2 O and 1.875 mM TEOS were dissolved in 50 mL ethanol separately with continuous stirring to form a clear homogenous solution. The above two solutions were mixed together and homogenized with continuous stirring for 1 h at room temperature. To the clear solution above, 0.25 mol DEA was added drop-wise with vigorous continuous stirring. The solution immediately turned into a thick whitish slurry, which was further stirred in the same vigorous manner and precipitated. A small amount of DI water was added to the precipitate and allowed to stand for a few hours to ensure complete precipitation. After the reaction, the final products were washed systematically with DI water and ethanol by centrifugation. The white powder obtained was subsequently dried at 60 C for 12 h and calcined at 400, 700, and 800 C for 10 h. The phase formation behavior was examined. The chemical reactions can be expressed by the following equation: 3 in the presence of DEA as a precipitant in an ethanol medium. The precipitant DEA plays a significant role in forming hydrogen bonds with the hydrated water of the metal salts and exhibits a strong inclination to acquire protons from the hydroxide complexes. This is a crucial stage in the process of DEA as a precipitant for the preparation of weakly agglomerated and homogenously dispersed particles of mixed La 10 Si 6 (OH) 54 ÁnH 2 O and La 10 Si 6 O 27 ÁnH 2 O amorphous powders.
The powder that was calcined at 800 C was ball milled for 24 h in ethanol with zirconia media. After subsequent drying and granulation, the powder was uniaxially pressed, followed by cold isostatic presses (CIP) under 200 MPa. The La 10 Si 6 O 27 pellets were sintered in an electric furnace at 1200, 1300, 1400, 1500, and 1600 C for 10 h in air with a heating ramp of 5 C min
À1
. The above synthesis procedure was followed to produce La 10 Si 5.5 Al 0.5 O 27 and La 10 Si 5.5 Mg 0.5 O 27 electrolytes, which were sintered at 1500 C for 10 h. The synthesized samples were characterized using an x-ray diffractometer (D/MAX-IIIC x-ray diffractometer, Rigaku, Tokyo, Japan) with Cu Ka radiation (40 kV and 45 mA). The as-synthesized La 10 Si 6 O 27 nanopowder was analyzed via thermal analysis (TG/DTA; TA, SDT Q600 V 8.3, Newcastle, DE) in air at a heating rate of 10 C min À1 to investigate its decomposition and crystallization behaviors. The particle morphology and crystallinity were characterized using transmission electron microscopy (TEM; TEM 3010, JEOL, Tokyo, Japan) with an accelerating voltage of 300 kV. The relative density of the samples, which experienced different sintering conditions, was measured using the Archimedes method in DI water. The dense La 10 Si 6 O 27 pellet was polished and then underwent thermal etching at 100 C lower than the sintering temperatures to which the respective samples were exposed. The grain morphology of the dense pellets was characterized using a scanning electron microscope (FE-SEM; Philips XL30 FEG, Eindhoven, The Netherlands).
To perform impedance analysis, the surfaces of the sintered pellets were polished. Platinum paint was then applied to either side of the pellets, which were then heat treated at 1000 C for 1 h to achieve stable contact of the electrode to the pellet surfaces. The platinumelectrode-coated pellet was then attached to a platinum mesh, which was connected with platinum wires and sandwiched in a spring-loaded specimen holder. The electrical conductivity of the pellets was studied in the presence of air by alternating current (ac) impedance spectroscopy (Solartron 1260 impedance/gain-phase analyzer, Farnborough, UK), which was interfaced with a computer-controlled program for data acquisition.
The impedance spectra were measured over the frequency range of 1 Hz to 10 MHz as a function of temperature from 350 to 700 C.
III. RESULTS AND DISCUSSION
A. XRD
The XRD patterns of the La 10 Si 6 O 27 sample in Fig. 1 show the as-synthesized, calcined powders at 400 and 800 C and a sintered pellet at 1400 C, synthesized via the DEA process. The XRD patterns of the as-synthesized powders at room temperature (RT), which were calcined at 400
C and 700 C showed a clear amorphous phase. The powders calcined at 800 C and above revealed the formation of a crystalline single phase of La 10 Si 6 O 27 with a hexagonal apatite-type structure. The sintered pellet at 1400 C showed a single-phase with high degree of crystallinity. The patterns of La 10 15406 nm) , b is the half-width full maximum, and y is the diffraction angle. Thus, the nanopowders synthesized via the DEA process showed a singlephase of La 10 Si 6 O 27 that formed at a lower calcination temperature of 800 C, which led to the formation of the weakly bonded nano particles for higher sintering activity.
B. TG/DTA
The thermal analysis data for the as-synthesized La 10 Si 6 O 27 nanopowder from the DEA process are shown in Fig. 2 nanopowder from the DEA precipitation. The weight loss may be attributed to the dehydration and decomposition of organic residuals. The two small but notable exothermic peaks were observed in the heat flow curve; the peak around 262 C may be attributed to the decomposition of residual (C 2 H 5 ) 2 NH 2 NO 3 into gaseous phases, and the peak at 902 C may be due to crystallization of an apatite-type La 10 Si 6 O 27 phase. 22, 29 C. TEM Figure 3 shows bright-field and high-resolution (HR) TEM images for the La 10 Si 6 O 27 nanopowder synthesized by the DEA process and calcined at 800 C for 10 h. The images clearly show round-shaped, homogenously dispersed La 10 Si 6 O 27 nanoparticles of a size around 30 nm. The HRTEM micrograph revealed nanocrystalline particles with well-defined lattice planes of 4.22Å spacing, corresponding to the interplanar distance of (211) planes, which demonstrated the high degree of crystallinity of the formed apatite La 10 Si 6 O 27 phase with regular periodicity of the lattice. Thus, the highcrystalline single-phase powders produced at a lower calcination temperature of 800 C are a considerable advantage of the DEA process compared with conventional processes. 13, 22 The HRTEM and the XRD patterns ( Fig. 1) clearly revealed that the DEA process can facilitate synthesis of nano-sized La 10 Si 6 O 27 particles with homogenous dispersion and a high degree of crystallinity at 800 C for 10 h. Figure 4 shows the sintering behavior of the La 10 Si 6 O 27 pellets sintered at 1200, 1300, 1400, 1500, and 1600
D. Density and SEM
C from the nanopowder calcined at 800 C for 10 h. The La 10 Si 6 O 27 pellets sintered at temperatures of 1200 and 1300 C showed a density of 67% and 78%, respectively, whereas those sintered in the temperature range from 1400 to 1600 C showed a relatively high density, which was above 95% theoretical density. The distinct high relative density of above 95% was achieved due to the weakly agglomerated nanoparticles of La 10 Si 6 O 27 with a high degree of crystallinity, which were synthesized via the DEA process and calcined at a low-temperature of 800 C. In the literature, [26] [27] [28] [29] it has been clearly demonstrated that particle size plays a significant role in influencing the sintering behavior of ceramic materials. Thus, nanopowders with desirable sintering activity have allowed sintering that uses a dwelling period of 10 h, which is shorter than the conventional dwelling period. They have also allowed sintering at a temperature of 1400 C, which is about 300 C lower than that which is used in conventional sintering. Tao et al. 22 reported that the relative densities for La 10 for a three day period have resulted in lower densification of 69% and 74%, respectively. In addition, increasing the sintering temperature to 1500 C for 22 h has resulted in a density of only 80% theoretical density, which is not sufficient for obtaining highly sintered pellets that possess the high electrical property of solid electrolytes. Even though the primary particle size is quite small, densification can be retarded by strong agglomeration and inhomogeneous compaction of the nanopowders. Thus, good dispersion and homogenization compaction are crucial to maximizing the high densification nature of nanoparticles. In this study, weakly agglomerated reactive nanoparticles with characteristic properties have been synthesized through the DEA precipitation process. Table I presents the sintering conditions for fully densified La 10 Si 6 O 27 pellets obtained from a simple and economic precipitation process using DEA as a precipitant, which allows for a lower sintering temperature compared with that which has been reported in the literature. Figure 5 shows SEM images for the polished surfaces of La 10 Si 6 O 27 pellets sintered at 1200, 1300, 1400, and 1500
C for 10 h. The SEM images of sintered pellets at 1200 and 1300 C clearly demonstrate the porous microstructures with approximately 33% and 22% porosity, respectively. The micrograph image of sintered pellets at 1400 and 1500 C exhibited highly dense grains and distinctly resolved grain boundaries with negligible porosity, which are the typical microstructural features of highly densified pellets [Figs. 5(c) and 5(d)]. The sintered pellet with a high density of above 95%, as determined by the Archimedes' method, is shown in the dense microstructure images in Figs. 5(c) and 5(d). The average size of grains in sintered pellets ranges from 500 nm to 1 mm. The sintered pellets at 1400 and 1500 C showed normal grain growth behavior. These results indicate that the high sinterability at low temperature could be attributed to the homogeneous dispersion of particles, small crystallite size, and weak agglomeration of the calcined nanopowders synthesized by the DEA process, as evidenced by XRD and TEM analysis.
E. Electrical transport property
Figures 6(a) and 6(b) show representative complex impedance spectra for the La 10 Si 6 O 27 pellet sintered at 1400 C and measured at 350 and 600 C in air, respectively. In Fig. 6(a) , the evident presence of a depressed semicircle at a high-frequency range is probably due to the resistance of a small bulk (R b ) contribution, and the dominant large depressed semicircle in the middle-frequency region is due to the resistance of grain boundary (R gb ) response. The low-frequency region of the spectrum may be attributed to electrode resistance (R elect ). The impedance spectrum at 600 C exhibits one distinct depressed semicircle due to the grain boundary response and a low-frequency spectrum due to the electrode. It can be clearly observed that the semicircles in the spectrum shift to higher frequencies with increasing temperature. The total resistance (R t ) was obtained by fitting the impedance data with an equivalent circuit model (Fig. 6 ) using an Z-plot program. The inset in Fig. 6 shows a schematic plot of an idealized impedance spectrum and an equivalent circuit model, which is composed of two serial resistance parallel with capacitance (RC) elements. As is clear from the impedance FIG. 4 . Relative density of the La 10 Si 6 O 27 nanopowders sintered at 1200, 1300, 1400, 1500, and 1600 C for 10 h using the nanopowder calcined at 800 C for 10 h. Sol-gel process 1500 C, 10 h 90% 25 spectra, the semicircles are depressed, and hence a constant phase element (CPE) is used instead of pure capacitance, as shown in the inset of Fig. 6(a) . The impedance spectra were fit with an equivalent circuit with two serial (R parallel with CPE) elements, of which one represents the bulk and the other is related with the grain boundary of the material. The electrode polarization at low-frequency can be modeled by CPE elect . Such a simple model perfectly matches the doped and undoped materials in the entire temperature range. The total resistance of the electrolyte is shown by R t = (R b ) þ (R gb ). Accordingly, the total electrical conductivity (s t ) was calculated using the pellets' dimensions and R t of the samples. Figure 7 shows the calculated total electrical conductivity as a function of temperature following the Arrhenius law in the following equation: 30 and literature-reported conductivities of lanthanum silicate electrolytes. 13, 22, 25, 31 The obtained data indicate that substituting Al and Mg into the Si sites leads to a 0.2-0.3 order of increase in the electrical conductivity compared to that of La 10 Si 6 O 27 pellets. This confirms the utility of the DEA process in obtaining a homogenous solid solution upon doping into the Si sites of lanthanum silicate electrolytes. Table II presents the comprehensive conductivity data and the activation energy data obtained for the undoped and doped lanthanum silicate pellets at different sintering conditions. The best electrical conductivity and the lower activation energy were observed in the La 10 Si 5.5 Al 0.5 O 26.75 pellet.
The electrical conductivity of low-temperature-sintered undoped-and doped-lanthanum silicate pellets in Fig. 7 illustrated comparable conductivity with that of the YSZ electrolyte. On the other hand, the present data revealed relatively lower conductivity values by half an order C. Conversely, lowtemperature-sintered undoped lanthanum silicate pellets showed much higher conductivity compared with the high-temperature sintered La 9.33 Si 6 O 26 phase electrolyte reported by Nakayama et al., 13 which revealed that the sintered pellet is mainly composed of a highly conductive La 10 Si 6 O 27 phase. The retardation of electrical conductivity for low-temperature sintered undoped and doped lanthanum silicate pellets could be attributed to the low conductive secondary phase of La 9.33 Si 6 O 26 co-existing with the La 10 Si 6 O 27 phase.
Thus, the lanthanum silicate nanopowders that were synthesized via the DEA process and underwent lowtemperature calcination could contribute to high-yield, homogenous dispersion, weak agglomeration, and desirable sintering activities. Furthermore, the parameters involved in the synthesis procedure using DEA as a participant should be modified to achieve possible enhancement of electrical conductivity for low-temperature sintered lanthanum silicate, such that it could be used as a promising solid electrolyte in IT-SOFCs.
IV. CONCLUSIONS
Nanopowders of undoped and doped lanthanum silicate apatite ceramics were successfully prepared via a DEA precipitation process. A single-phase crystalline apatite-type La 10 Si 6 O 27 was obtained using nanopowder calcined at 800 C for 10 h. A pure crystalline La 10 Si 6 O 27 nanopowder $30 nm in size was obtained at a relatively low calcination temperature and exhibited weak agglomeration. The La 10 Si 6 O 27 powder synthesized via the DEA process was sintered at 1400 C with high densification. The sintering temperature was 300 C lower than the temperatures used in conventional sintering process. The dense grain morphological characteristics for the pellets sintered at 1400 C for 10 h confirmed that the pellets exhibited high densification with negligible porosity. The DEA process enabled the formation of a homogenous solid solution of Al and Mg in Si sites with enhanced electrical conductivity of the doped La 10 Si 6 O 27 electrolyte, which was comparable with the YSZ electrolyte. The simple, practical and efficient DEA precipitation process resulted in a densification level above 95% in undoped and doped lanthanum silicate pellets that were sintered at a temperature of 1400-1500 C. These temperatures were lower than the temperatures of around 1700
C that other literature reports were used to prepare pellets via the conventional method.
